Solid tumors are complex three-dimensional (3D) networks of cancer and stromal cells within a dynamic extracellular matrix. Monolayer cultures fail to recapitulate the native microenvironment and therefore are poor candidates for pre-clinical drug studies and studying pathways in cancer. The tissue engineering toolkit allows us to make models that better recapitulate the 3D architecture present in tumors. Moreover, the role of the mechanical microenvironment, including matrix stiffness and shear stress from fluid flow, is known to contribute to cancer progression and drug resistance. We review recent developments in tissue engineered tumor models with a focus on the role of the biomechanical forces and propose future considerations to implement to improve physiological relevance of such models.
Introduction
Cancer arises due to genetic aberrations and the initial expansion of neoplastic cells. However, solid tumor progression and metastasis is facilitated by the niche hosting the cancerous cells. This niche, known as the tumor microenvironment, is a complex threedimensional (3D) network of stromal, vascular, and immune cells within a dynamic extracellular matrix (ECM) [1] . Yet, pre-clinical drug testing is carried out in twodimensional monolayer cultures for their ease and efficiency despite flat polystyrene being a poor mimic for the tumor microenvironment [2] . The development of 3D cell culture methods has led to several engineered systems in natural and synthetic scaffolds that better recapitulate cell-cell and cell-ECM interactions than traditional monolayer culture [3] [4] [5] .
Of growing interest is the role of physical changes due to biomechanical forces in tumor progression as cells use mechanotransduction systems to sense and respond to external forces [6, 7] . Two major changes observed in solid tumors are increased ECM stiffness and altered interstitial fluid flow [8] . Matrix metalloproteinases (MMPs) heavily remodel the ECM, which leads to extensive crosslinking of collagen type I fibrils. The changes in stiffness and architecture have a direct effect on processes involving cell-ECM contacts such as migration and numerous downstream effects via integrin-mediated signaling cascades including those related to the cell cycle and differentiation [6] . As such, stiffness and integrin signaling contribute to cancer resistance to chemotherapeutics. The specific mechanisms of known mechanosensitive pathways have been reviewed in depth elsewhere [9] [10] [11] . Abnormal fluid flow leads to an uneven distribution of soluble growth factors and nutrients; the resultant shear stress remodels the tumor vasculature, and like changes to ECM stiffness, activates integrin-mediated signaling pathways that alter cell proliferation and differentiation [8, 12] . Fluid flow also facilitates metastasis by carrying cancer cells away from the primary tumor to distant sites through the blood stream or lymphatic system.
The tissue engineering paradigm of generating tissues through a combination of scaffolds, cells, and biochemical factors provides a large toolkit for modeling these physical changes observed in cancer. 3D tissue engineered tumors have great potential to be used for preclinical drug screening and understanding pathways in cancer, particularly changes in gene and protein expression that lead to outcomes such as malignant phenotype, acquired drug resistance, and metastatic potential. Some examples of tissue engineered tumor models that investigate the role of the mechanical microenvironment are listed in Table 1 . Here we briefly address materials selection for tissue engineered tumor models and then highlight recent work that has employed tissue engineering principles to model the biomechanical forces present in solid tumors. We end with a discussion of the direction in which tumor modeling should progress in the future.
Materials selection in tissue engineered tumor models
As in any tissue engineering application, materials selection is an important factor to consider in the design of engineered tumor models. Natural ECM materials are desirable because they better recapitulate the structure and function of native tissue. Indeed, Matrigel, a basement membrane protein extract derived from Engelbreth-Holm-Swarm sarcoma in mice, has long been used as a substrate for 3D stem cell and organoid culture, but it suffers from batch-to-batch variability in composition and is not easily modified [13, 14] . Natural materials are also generally expensive and using them on a large scale is cost-prohibitive. On the other hand, semi-synthetic and synthetic materials have risen in popularity for their tunability in fabrication methods; physicochemical properties including stiffness, degradability, and presentation of adhesive ligands; and low cost. For example, poly(ethylene glycol) (PEG) and gelatin methacrylamide hydrogels of variable stiffnesses have been shown to be suitable for ovarian cancer spheroid culture [15, 16] , and mechanically dynamic PEG hydrogels have been shown to support intestinal stem cell expansion and subsequent differentiation and organoid formation as mediated by yesassociated protein 1 (YAP1) [17] .
An additional concern regarding scaffold materials in cancer models is that even with all other parameters held constant, the material itself may induce differential secretion of factors such as cytokines and thus, affect outcomes, including gene and protein expression, of 3D culture or co-culture experiments [18] . Comparisons of different biomaterials used in tumor models have been reviewed in depth elsewhere [4, 5] . The remainder of this review will address models in which modulation of substrate stiffness, shear stress, or dynamic mechanical loading have revealed important aspects of tumor progression and drug resistance.
ECM stiffness
Cell adhesion to the surrounding matrix is dependent upon the mechanical properties of the ECM, which have a direct consequence on cell morphology. As shown in Figure 1 , glioblastoma multiforme (GBM) cells in soft PEG hydrogels tend to spread out early and form extensive networks over two weeks of culture, whereas GBM cells in stiff hydrogels appear spindle-like and grow long, thin actin-rich protrusions over the culture period [19] . It has also been well documented that cancer cells exhibit increased resistance to drugs in response to independently increasing matrix stiffness and adhesive ligand density in biomaterials-based in vitro tumor models [20, 21] . Changes in matrix biophysical properties are also known to elicit a malignant phenotype or upregulate genes, such as vascular endothelial growth factor, MMP-2, MMP-9, and hypoxia-inducible factor 1, that are markers of a malignant phenotype [20, 22] . Recent developments in tissue engineered tumor modeling include systems that incorporate multiple decoupled properties into a single platform to show how factors such as adhesive ligand density, degradability by proteolysis, and matrix stiffness affect cancer progression and drug response [23, 24] . Synergistic effects of ECM stiffness and adhesive ligand density in the design of drug screening platforms were demonstrated by Zustiak et al., who employed alginate-based 3D scaffolds with or without the cell adhesive peptide Arg-Gly-Asp (RGD) in a model of GBM [25] . Human GBM cells were more resistant to cytotoxic compounds on stiffer gels; this phenomenon was disrupted by the presence of RGD but regained when integrin-based cell-matrix interactions were inhibited.
One of the challenges of using native ECM materials is the difficulty of decoupling biophysical properties such as pore size and substrate stiffness. Cassereau et al. designed a 3D tension bioreactor system that manipulates the stiffness of collagen I hydrogels without altering the pore size, structure, or composition of the ECM [26]. Moreover, this system allowed them to make hydrogels with a stiffness gradient (0.12 kPa/mm) and in studies with oncogenically transformed mammary epithelial cell organoids, consistent with previous findings [27] , found that increasing ECM stiffness potentiates tumor cell migration. Not only does ECM stiffness generally increase with tumor stage and grade, but stiffness gradients within a tumor can enable cancer cell migration through durotaxis, and metastasized cancer cells tend to be attracted to tissues with excessive ECM crosslinking and strong stiffness differential gradients [27, 28] . Though its current iteration lacks much of the biochemical factors in the native tumor microenvironment, the bioreactor system is advantageous for its ability to examine a well-defined graded response of cancer cells to stiffness alone, and while not demonstrated in this study, it has potential to elucidate the specific mechanisms that enable tumors to progress and metastasize in response to ECM stiffness.
Development of targeted therapies requires a deep understanding of the pathways involved in cancer progression, yet the mechanisms by which tumors respond to their mechanical environment are not yet fully understood. Thus, recent studies in engineered tumor models have also focused on elucidating the signaling cascades that are impacted by changes in ECM stiffness, especially those found in common forms of cancer, such as hepatocellular carcinoma (HCC), or highly malignant and aggressive cancers like GBM [29] [30] [31] [32] [33] [34] . As far as tissue engineering is concerned, these platforms are simplistic, but effective. For instance, collagen type-I coated polyacrylamide gels are popular substrates for mechanistic studies with HCC progression. Pang et al. demonstrated for the first time that increasing ECM stiffness contributes to a malignant phenotype in HCC by modulating response through the β1 integrin/FAK/Rho GTPase signal transduction pathway and activation of transforming growth factor-β1 [31] . An outstanding example demonstrating the efficacy of collagencoated polyacrylamide as a model for HCC was done by You et al. [32] . In 2006, a landmark study by Engler et al. showed that matrix elasticity directs mesenchymal stem cell lineage [35] . Given that poor differentiation is indicative of a more aggressive disease and unfavorable clinical outcomes, You et al. investigated whether matrix stiffness-mediated effects on stemness are observed in HCC [32] . They found that increasing matrix stiffness upregulates the expression of Nanog and SOX2, which are related to stemness. Moreover, higher matrix stiffness activates the Akt/mTOR/SOX2 pathway-known to be an indicator of poor prognosis in HCC patients-as mediated by β1 integrin, and thus links this signaling pathway to HCC stemness. This connection was validated when the stemness properties of HCC cells on stiff matrices were reduced after treatment with rapamycin, a mTOR-specific inhibitor. The limitation of using collagen-coated polyacrylamide as a platform for tumor modeling is that the cells may not be fully embedded in a 3D environment. Models of HCC could be improved by encapsulating cells within the ECM material and through co-culture with cells of the stromal compartment such as hepatic stellate cells. Nevertheless, these studies are commendable for having isolated the role of matrix stiffness in HCC.
Further elucidation of factors that vary with tissue stiffness can be gleaned from analysis of genomic, proteomic, and transcriptomic datasets of 3D functional tissue [11, 36] . These analyses can reveal correlations between the different components within a tissue and can be used to better develop hypotheses that can be tested in model systems and inform our understanding of the molecular mechanisms by which cells and tissues respond to their mechanical environment. They are particularly relevant for cancer models in tissues, such as bone, where the microscopic and macroscopic mechanical properties differ by orders of magnitude. 
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Fluid flow and dynamic mechanical stimulation
Designing tumor models and culture systems that introduce shear stress or other forms of mechanical loading to cells will prove useful for studying shear stress-dependent sensitivity of cancer cells to pathway-targeted therapies. In a 3D model of Ewing's sarcoma (ES) on electrospun poly(ε-caprolactone) scaffolds cultured in a flow perfusion bioreactor developed in our laboratory, mechanical stimulation by flow-derived shear stress promoted the upregulated the production of insulin-like growth factor-1 (IGF-1) as shown in Figure 2 [37]. We also observed a shear stress-dependent response to dalotuzumab and resistance to the IGF-1 receptor blockade. We further demonstrated that the inclusion of stromal cells, modeled by co-culture of ES cells with mesenchymal stem cells (MSCs), activate interleukin-6 and Stat3; the latter interferes with the equilibrium of IGF-1 and its antagonists secreted by MSCs [38] .
Advances in 3D printing technology allow for scaffolds of more complex architecture that are comparable to native tissue [39] . Our laboratory used extrusion-based 3D printing to generate scaffolds of poly(propylene fumarate) with a pore size gradient that mimics the heterogeneous permeability of solid tumors. ES cells cultured in these scaffolds under flow conditions experienced different shear stresses depending on the pore size and the orientation of the pore size gradient. Consistent with previous results, shear stress upregulated IGF-1 secretion; we also found that the direction of the pore size gradient affected the amount of IGF-1 secreted [40] . Further studies to design scaffolds with more relevant structures in combination with bioreactor culture will enhance the biomimicry of tissue engineered tumor models and their utility as platforms to study cancer biology and pre-clinical drug testing.
Recently, the role of more complex mechanical stimulation on tumor drug sensitivity has been explored. Marturano-Kruik et al. applied unconfined, dynamic compressive loading to ES cells in 3D porous matrices composed of collagen I and hyaluronic acid [41] . The combination of tissue strain and resultant fluid shear stress within the scaffold pores was shown to promote ERK1/2-dependent RUNX2 expression that is not seen in 2D and static 3D cultures. Notably, activation of the ERK1/2-RUNX2 signal transduction pathway reduced the efficacy of the receptor tyrosine kinase inhibitor sorafenib by increasing cell proliferation and decreasing apoptosis, indicating that this pathway could be a promising therapeutic target in ES. This study is a strong example of how tissue engineering tools can effectively model the complex mechanical characteristics of the tumor microenvironment and elucidate novel pathways to target in drug development.
An additional component of the tumor microenvironment that is currently under active investigation using 3D models is the tumor vasculature. Current models of tumor angiogenesis suffer from oversimplicity and are carried out in static conditions [42, 43] . Yet, shear stress regulates angiogenesis [12] , and we see a large research gap in models of angiogenesis that incorporate shear forces. Microfluidic platforms, discussed further below, have the capacity to model vasculature with flow-induced shear [44, 45] , but larger scale models still lack in this area.
Modeling metastasis
A small but growing number of model systems have been developed to investigate the process of tumor metastasis and test drugs for advanced tumor stages. A study by Fuhrmann et al. is worth noting for its use of a shear-generating spinning disk device to examine the adhesive state and metastatic potential of mammary epithelial cell lines [46] . At concentrations of Ca 2+ and Mg 2+ like those found in stromal conditions, metastatic cell lines display heterogeneity and changes in focal adhesion dynamics that result in a decrease in adhesion strength. The mechanism of focal adhesion cation sensitivity is not yet known, but this study supports the concept that adhesion strength could be used instead of biomarkers as a biophysical metric to identify metastatic cells within a tumor. Though it lacks a 3D scaffold and therefore, physiologically relevant architecture, the spinning disk platform elucidates the contribution of shear forces to metastasis in a way that was previously unknown and informs us of conditions worth considering in the development of future models for studying metastasis. . Though this study was limited in that only osteopontin was measured as a marker for bone matrix and further work is required to understand all the components involved in the formation of osteolytic bone metastases characteristic of breast cancer, these results suggest that mechanical stimulation is a major factor that aids breast cancer cells in signaling to MSCs to create a pro-metastatic environment. Future work in similar models should be extended to examine paracrine signaling in both directions (not just tumor to stroma), as well as direct cell-cell contact in establishing the pro-metastatic niche.
Microfluidic tools are popular in tissue engineering for making organ-on-a-chip systems that can recapitulate physiological conditions of native tissue fluid flow, biochemical factor concentration gradients, and cell crosstalk with a high degree of control; different organs-ona-chip can be interconnected to increase the complexity of these systems [44, 45] . As such, microfluidic platforms have gained traction as candidates for modeling cancer metastasis and tumor vasculature. For instance, breast cancer spheroids in a microfluidic device containing 3D ECM to mimic the vascular environment display shear-dependent spheroid size, and co-culture of spheroids with activated fibroblasts promote metastasis by altering cancer cell migration rate, distance, and proliferation [49] .
In a remarkable study, Lee et al. used a simple microfluidics device to demonstrate the role of wall shear stress in stimulating YAP1 to promote cancer cell migration [50] . This occurs through ROCK-triggered YAP1 activation through the LIMK-cofilin signaling pathway. Interestingly, only YAP1 and not its paralog TAZ, enhanced cell motility. They also identified 36 genes whose expression was modified by YAP1 activity in response to shear stress. Many of these genes are known to regulate the hallmarks of cancer described by Hanahan and Weinberg in 2000 [51] , and with the data, suggest that there is a network of YAP1-dependent genes that lead to invasive cancer cell behavior fundamental to metastasis in response to shear stress levels in the lymphatic system. Microfluidic tumor models are inherently small in volume, so they are limited in their capacity to recapitulate phenomena that occur in tumors on the macroscopic scale. However, they have proven invaluable to tumor modeling as they provide strong evidence that mechanical stimuli in the tumor microenvironment contribute to cancer progression and thus, underscore the need to include biomechanical forces when designing relevant tumor models.
The future of tissue engineered tumor models
Tissue engineering techniques have helped contribute to the paradigm shift from studying cancer in monolayer culture to studying cancer in systems that reflect the complex network of cells and ECM in a tumor. Tissue engineering will continue to promote a better understanding of cancer biology and improved platforms for testing chemotherapeutics through the design of physiologically relevant ex vivo models of solid tumors. We now recognize that the mechanical microenvironment of tumors is significantly different than that of normal tissue and it must be addressed in order to fully understand tumor progression and drug response [52] . Here we have highlighted recent models that employ tissue engineering strategies to demonstrate the significance of ECM stiffness, flow-derived shear stress, and mechanical loading in models of solid tumors.
Recognizing that the tumor microenvironment is dynamic and constantly shifts as cancer progresses, moving forward, ex vivo tumor models should address not only the forces exerted by the mechanical microenvironment, but also the influence of other cellular components comprising the tumor [38, 47, 49] . Of particular interest is the role of immune cells in the tumor progression. In 2011, Hanahan and Weinberg added to their list of hallmarks the ability of cancer cells to avoid immune destruction as an emerging hallmark and tumor-promoting inflammation as an enabling characteristic of cancer pathogenesis [51, 53] . The following year Swartz and Lund proposed that synergy between lymphatic drainage and fluid flow-induced mechanotransduction alters the immune microenvironment and promotes tumor immune escape [54] . Springer and Fischbach have reviewed the role of ECM properties and mechanotransduction on macrophage phenotype and biomaterials systems that model these interactions as it pertains to the tumor microenvironment [55] .
A rapidly expanding field that has great potential to aid in the design of ex vivo tumor models with greater cellular and architectural complexity is 3D bioprinting, in which 3D printing techniques are employed to generate tissues from biomaterials, cells, and growth factors. The breadth of printable materials and cell-compatible printing techniques available -reviewed in depth elsewhere-provide an array of options for recreating the cellular heterogeneity and ECM of the tumor microenvironment [56, 57] . Tumor-like tissues generated via direct assembly have been shown to provide a 3D environment that enhances cell proliferation, MMP expression, and chemoresistance compared to 2D culture [58] . In addition, bioprinting has been used in conjunction with other scaffold fabrication methods to create unique co-culture conditions that emphasize the role of stroma in tumor cell survival and resistance to drugs [59] . Yet, challenges remain in bioprinting, including the lack of standardization of printers, limitations in resolution of architectural features, difficulty in scalability, and the need to optimize printing conditions that maintain material integrity and cell viability, especially when printing multiple cell types [56] .
Although 3D models are superior mimics of the tumor microenvironment in comparison to monolayer cultures, they have not been fully adopted in the drug development industry because there is no standard method of 3D cell culture. But, if we are to accurately recapitulate the tumor microenvironment without the need for costly animal models that fail to reflect human disease, then we should continue moving in the direction of designing models that are comprehensive rather than reductionist with regards to architecture as well as physicochemical and biochemical cues. Current models demonstrate the effect of one or two components of interest on disease progression. We can take advantage of the plethora of tissue engineering tools and 3D cell culture techniques at our disposal to generate more complex systems that address tumor heterogeneity to model cancer pathology.
• Tissue engineering provides a toolkit for modeling the tumor microenvironment U87 glioblastoma cell morphology in soft and stiff PEG hydrogels [19] . (A) Cells in soft hydrogels spread starting on day 3 and form extended networks of protrusions over 14 days, while cells in stiff hydrogels spread starting on day 7 and have protrusions that get longer over the culture period. Scale bar = 50 µm. (B) H&E staining and actin (red) and nuclei (blue) staining on soft and stiff hydrogels on day 21 show that cells in soft hydrogels are fibroblast-like and cell spheroids in stiff hydrogels have actin-rich protrusions at the periphery. Scale bar = 75 µm. Reprinted with permission from [19] . Copyright 2014 American Chemical Society.
Chim and Mikos Page 13 the treatment group normalized to the DNA content of the untreated group. Dotted line represents 100% baseline. Higher shear stress leads to resistance to dalotuzumab activity and competitive binding between IGF-1 and dalotuzumab favors IGF-1, but convective transport under high flow rate increases availability of the drug to cells. Error bars represent SD (n = 6). Levels not connected by the same letter are statistically different (P < 0.05). Image used with permission from the authors as required for images included in articles published in the Proceedings of the National Academy of Sciences USA. Table 1 Examples of 3D cancer models that evaluate the mechanical forces in the tumor microenvironment.
Model

Mechanical environment
Outcomes
Ovarian cancer spheroids in gelatin methacrylamide [15] Substrate stiffnesses: 0.7-16.5 kPa
• Cell proliferation and migration depend heavily on mechanical environment of ECM • Spheroid-containing hydrogels are implantable and respond to treatment with paclitaxel alone and in combination with ATN-161 HCC on collagen-coated polyacrylamide [29] [30] [31] [32] Substrate stiffnesses: 1-10 kPa and 6-16 kPa
Increasing stiffness
• Upregulates vascular endothelial growth factor expression and mediates angiogenesis [29] • Upregulates osteopontin expression [30] • Activates TGF-β1 [31] • 
